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in 50% acetonitrile / 0.1% TFA, and subjected to MALDI-TOF analysis (Microflex LRF 20, Bruker Daltonics, USA) (Fernandez et al., 1998) . Spectra were collected from 300 shots per 2 2 7 spectrum over m/z range 600 -3000 and calibrated by two-point internal calibration using 2 2 8
Trypsin auto-digestion peaks (m/z 842.5099, 2211.1046). Peak list was generated using Flex 2 2 9
Analysis 3.0. Threshold used for peak-picking was as follows: 500 for minimum resolution of Matrixscience (http://www.matrixscience.com/) was used for protein identification by peptide 2 3 2 mass fingerprinting. The following parameters were used for the database search: trypsin as tolerance of ± 0.1 Da. PMF acceptance criteria was used for probability scoring. We used the same soybean variety for root phenotyping. The sterilized soybean seeds 2 3 9
were propagated in 6-hole pots (455 mm × 340 mm × 180 mm), which contained thoroughly 2 4 0 1 0 washed decomposed granite soils (overall size was 7 mm-9 mm) to reduce root sample loss.
4 1
To prevent soil drying, sufficient water was supplied in the morning (8 AM -9 AM) and removed from pots and then root samples were washed with distilled water two times. Clean 2 4 7 root samples were photographed using a digital camera (COOLPIX A, Nikon, Japan) in a 
Antioxidant activity and mRNA expression level (EPII)
To measure stress response of soybean plants, we used the same plant material for an days. We collected plant samples at 1-day intervals and the same experiment was conducted 2 5 6 three times to increase reliability. The fresh leaf and root samples were used to determine 2 5 7 glutathione (GSH) and glutathione reductase (GR) activity. Briefly, 100 mg of fresh leaf mM EDTA, and 1.0% PVP. The homogenized samples were then centrifuged at 10,000 rpm 2 6 0 for 15 min at 4°C. We used the Bradford assay for quantification of total protein content 2 6 1 (Bradford, 1976) . The reduced GSH was estimated following the protocol of Ellman (1959).
6 2
The homogenate was collected by grinding leaf samples following the addition of 3 ml of 5% 2 6 3 (v/v) trichloroacetic acid. The supernatant (0.1 ml) was decanted into a tube containing 3 ml 2 6 4 of 150 mM NaH 2 PO 4 (pH 7.4). Subsequently, 500 µl of 5.5´-dithiobis (2-nitrobenzoic acid) 2 6 5 (DTNB; 75.3 mg of DTNB dissolved in 30 ml of 100 mM of phosphate buffer, pH 6.8) was 2 6 6 added to the suspension and then it was incubated at 30 ± 2 °C for 5 min. The absorbance was 2 6 7 measured at 412 nm. Thus, GSH contents were estimated by comparison with the standard 2 6 8 curve. The GR activity was measured by the previously described protocol of Garlberg and Mannervik (1985) . A total 150 µl of enzyme was reacted with 1 ml of reaction mixture 2 7 0 containing 1 mM EDTA, 3 mM MgCl 2 , 0.5 mM oxidized glutathione, 0.1 M HEPES pH 7.8, and 0.2 mM NADPH. Activity of GR was measured by NADPH oxidation and was 2 7 2 monitored by the decreased absorbance at 340 nm for 2 min. The experiments (EPI, EPII) were conducted three times with three replications in growth 2 7 6 chamber and greenhouse environments. Experiments of antioxidant activity and its mRNA 2 7 7 expression level, SNO-and SNO-related gene expression levels were conducted two times with three replications under greenhouse conditions. An analysis of variance (ANOVA) was 2 7 9 used to evaluate significant differences (P < 0.05) in treatments, periods, replications, and Range Test (DMRT) and SAS 9.1 software was used for statistical analysis. To evaluate PGR effects, we monitored plant height during and after WL stress.
8 7
Soybean plant height showed non-significant differences among PGR treatments. As we 2 8 8 anticipated, plant height was significantly increased in the GA 4 treatment at 7, 14, 21, and 28 2 8 9 1 2 between the ETP and KT application, chlorophyll concentration was higher with the ETP 3 0 2 application ( Fig. 2A) . Very similar tendencies were observed for the determination of showed increased levels (45% -50% increased at 28 DAT) as compared to that of WL-only 3 0 5 plants. In particular, the chlorophyll fluorescence value in ETP-applied plants was higher 3 0 6 than that of plants with KT application (Fig. 2B) . Effects of ETP application on plant growth characteristics with and without WL stress
To obtain more detailed information related with stress mitigation, we applied three treatments) as compared to that of the control (Fig. 3A) . When comparing among stress application at 10 DAT and 15 DAT (Fig. 3A) . Higher chlorophyll content was observed in the non-stress condition in all time periods (Fig. 3B) . ETP-treated plants revealed gradually 3 1 7 improved chlorophyll contents depending on the concentration of ETP as compared to that of 3 1 8 plants with only WL stress (Fig. 3B ). To evaluate photosynthetic efficiency, we measured chlorophyll fluorescence at 15 plants (Fig. 4A) . However, ETP-treated soybean plants showed a slightly improved OIJP I to P exhibited large differences between ETP-treated soybean plants and WL-only treated 3 2 7 soybean plants (Fig. 4A ). Photosynthetic efficiency (Fv/Fm) also showed similar results to efficiency in ETP-treated soybean plants (Fig. 4B) . We analyzed endogenous GA levels to elucidate physiological responses during stress 3 3 4 periods. In higher plants, endogenous bioactive GAs (GA 1 , GA 3 , GA 4 , and GA 7 ) are other is the non-13-hydroxylation pathway (Kim et al., 2016) . According to a previous study,
soybeans mainly produce bioactive GA 4 through the non-13-hydroxylation pathway. Thus,
we focused on determining the bioactive GA 4 level and that of its intermediate precursor (GA 9 ) and catabolite (GA 34 ) (Kim et al., 2015) . In GA 9 , and GA 34 . GA contents exhibited relatively low levels in the control and ETP200 3 4 1 application as compared to other treatments, whereas GA contents were significantly 3 4 2 increased in ETP50 and ETP100 in comparison with the WL-only treatment at 5 days after 3 4 3 stress exposure. Enhanced GA levels were observed in ETP50 and ETP100 at 10 days of WL soybean plants were exposed to the WL condition. Similarly, enhanced P and Fe also with that of the control. However, overall element content was not higher (Fig. 6 ). However, treated soybean plants in comparison with WL-only soybean plants (Fig. 6 ). We could not 3 5 7 detect any differences in H, Mg, or S content, although decreased total macro elements (sum soybean plants as compared to that of control at 10 DAT and 15 DAT (Fig. 6 ). conditions. However, increased methionine content was detected in all ETP-treated soybean 3 6 5 plants in comparison with soybean plants grown in WL-only conditions (Fig. 7A) . The same 3 6 6 pattern was observed at all time points (5 DAT, 10 DAT, and 15 DAT). Proline content and 3 6 7 that of glutamic acid also revealed that when soybean plants were exposed to WL conditions, 3 6 8 proline and glutamic acid content was significantly decreased as compared to that of the 3 6 9 control and the same tendency was observed at all time point (Fig. 7B, D) . In ETP-treated exhibit a difference among treatments at 5 DAT. However, it was significantly decreased in WL and ETP-treated soybean plants (Fig. 7C) . In comparison between WL-only and ETP- among treatments at 15 DAT (Fig. 7C) . The sum of 17 amino acids (total amino acid)
contents showed consistence result (Fig. 7E) . Total amino acid contents were significantly decreased when soybean plants were exposed to the WL condition in comparison with that of application as compared to WL-only at 10 and 15 DAT (Fig. 7E ). To identify the protein expression pattern under WL conditions, we used soybean proteins in the expression pattern (Fig. 8) arrows) were up-regulated only in WL condition as compared to the control and WL with 3 9 0 ETP treatments, whereas five proteins (Spot No. 1002 , 1104 , 1611 , 1702 , and 4101; orange control and WL with ETP application (Fig. 8) . Moreover, the expression of these proteins 3 9 3
were recovered by 100 µM ETP application to soybean plants. Therefore, our data suggested 3 9 4 that these proteins were participating in inducing resistance to WL stress. Root surface area (RSA)
To identify the ETP effect on soybean plants under WL condition, we analyzed RSA 3 9 8 using the Flower Shape Analysis System software. As mentioned in the figure title, the white were observed in all time periods (Fig. 9 ). Root surface area (RSA) revealed that control soybean plants as compared to WL-only treated soybean plants (Fig. 9 ). In particular, the ETP 50 at 15 DAT (Fig. 9 ). Thus, we measured activities of GSH and GR at the genetic and enzymatic level. GR activity as compared to that of the control plants (Fig. 10A ). However, GR activity was increased in 10A). GR activity in the shoot revealed a similar pattern, whereas GR activity in the root did
not show a regular pattern (Fig. 10C) . Expression levels of GmGR exhibited differences
between the shoot and root. In the shoot, the expression level of GmGR was lower in the WL- compared to that of the control and WL-only plants (Fig. 11D) .
2 7
The activity of GSH exhibited a significant difference between shoots and roots. In as compared to that of the control and WL-only treated soybean plants; a similar pattern was 4 3 0 observed in both stress exposure periods (Fig. 10B) . However, GSH activity was significantly 10D). At the genetic level, GSH activity was very well described by GmGST3 than GmGST8
for both plant parts (shoots and roots) (Fig. 11B , C, E, F). WL with ETP-treated soybean roots as compared to that of other treatments (Fig. 11B, E) . At 1 DAT, the expression level of plants compared with that of the control. However, we did not detect any significant 4 4 0 difference between only WL and WL with ETP50 and WL with ETP100 (Fig. 11C) . WL- plants as compared to that of the control (Fig. 11F ). However, the expression level of
GmGST8 in the root did not exhibit any constant tendency for WL with ETP-treated soybean 4 4 7 plants (Fig. 11F ). Both strategies depend on ethylene-responsive transcription factors (Nishiuchi et al., 2012) .
Flooding tolerance mechanisms are very well known at the genetic level in rice plants. mechanism or marker-assisted selection (Kim et al., 2015) .
In the current study, significantly increased ethylene production was observed in a control. Among three PGRs applied, we selected ETP as a candidate because GA application
revealed WL mitigation via escape strategy (hyper-elongation of shoot). However, it would To identify in detail the physiological and genetic differences between ETP-treated 4 8 5
and control plants, we applied three different concentrations of ETP to soybean plants and shoot lengths were measured in deep water rice plants (Hattori et al., 2011) . Similar results
were reported in our previous research (Kim et al., 2015) . According to Kim et al. (2015) ,
significantly increased bioactive GA 4 was observed in a WL-tolerant soybean variety.
9 9
Therefore, based on the evidence above, increased shoot length in ETP application would be participate in this response.
The photosynthesis in plants is primarily driven by two different photosynthetic plants during WL condition participated in stress mitigation. In addition, among plant hormones, GAs are known as key signaling molecules elongation, and stress responses (Kim et al., 2016) . In particular, GAs are deeply involved in 5 1 9
the water stress escape strategy in rice. The up-regulation of various GAs is reported in rice reported by Kim et al. (2015) , who showed that endogenous GAs are involved in avoidance
of WL stress because of the changes in GA levels to induce escape from excess water stress. In the current study, significantly increased GAs were detected in WL with ETP50-and
ETP100-treated soybean plants. In particular, GA concentration was higher at relatively
short-term (5 DAT) stress exposure. Therefore, our results suggested that exogenously
applied ethylene participates in accumulation of endogenous GAs and this physiological
phenomenon is one of the mechanism used to escape WL stress in soybean plants.
3 1
Most plants uptake primary inorganic ions such as nitrogen, calcium, potassium, and
phosphorus through roots from the soil (Schachtman et al., 1998) . For that reason, root to only-WL condition. RSA was also decreased in the WL-only condition, whereas ETP- restricted root growth. However, exogenous application of ETP improved root growth. condition. However, they were improved by ETP application. Thus, our results suggested that causes decreased element uptake through soybean roots, which was thereby improved by significantly involved K and P uptake among other elements because K and P contents were 5 Table 1 . Protein information for soybean plants exposed to WL stress for 10 days 6 1 5 6 1 6
Figure legends conditions were maintained for 14 days. In the figure, WL indicates WL-only treatment.
Different letters in figure indicate significant differences at P < 0.01 and data were analyzed average ± standard error are shown (n = 10). chlorophyll content. Soybean plants were exposed to WL for 10 days. Data were collected at 6 2 9
5 days intervals with three replications and the average ± standard error are shown (n = 10).
Different letters indicate significant differences at P < 0.05 and data were analyzed by
Duncan's multiple range test (DMRT). The abbreviation WL, DAT, and ETP mean WL, days 6 3 2 after treatment, and ethephon, respectively. shown (n = 10). The abbreviations WL, DAT, and ETP mean WL, days after treatment, and ethephon, respectively. ethephon, respectively. In figure A , GA concentration means the sum of GA 4 , GA 9 , and GA 34 . collected at 5 days interval for 15 days and standard error was collected from two replications.
4 5
The abbreviations WL, DAT and ETP mean WL, days after treatment, and ethephon,
respectively. In the figure, total indicated sum of macro elements = C, O, H, N, K, Ca, P, Mg, 6 4 7
S, and Fe. collected at 5 days interval for 15 days and standard error was collected from two replications. The abbreviations WL, DAT, and ETP mean WL, days after treatment, and ethephon, respectively. In the figure, total amino acid indicated sum of 16 amino acid = Ala, Arg, Asp,
Cys, Glu, Gly, Ile, Leu, Lys, Met, Phe, Pro, Ser, Thr, Tyr, and Val. bar is average with standard error (n = 5). In the same stress-exposure period, different letters proteins observed in WL in ethephon-treated plant. In addition, red color arrows point out 6 6 2 highly up-regulated proteins under the WL-only condition. 
